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     CHAPTER 03    

LIGHTNING EXPOSURE OF POWER DISTRIBUTION LINES 

AND SUBSTATIONS 

3.1 Introduction 

This chapter describes a study which was carried out to investigate and evaluate the 

lightning effects in power distribution lines. In order to mitigate lightning effects, we 

have to understand the lightning fundamentals. Fatality damage to equipment and 

malfunction of the equipment may occur due to lightning. Characteristics of 

lightning stroke differ from place to place. Sri Lanka power system consists of 

transmission and distribution network and most part of the system has overhead lines 

which are very exposure to the lightning strikes. CEB annually loses a considerable 

income by nuisance outage and failure of equipment due to lightning. 

Followings have to be considered to protect against lightning 

1. Direct Strike to line 

2. Induced from nearby strike 

3. Most typical flashover on distribution 

4. Back flash from strike to shield wire 

 

3.2 Mechanism of Lightning  

Lightning is considered as a transfer of collected electric charges in cloud to earth as 

spark or flashes which last at an average of half a second for a short duration and 

exhibit a path length of few kilometers and high voltage between cloud and the 

ground. The formation of charge on cloud happens due to warm air current force up 

on a particle in the cloud. Then the charges in the cloud are separated and positive 

charge moves up and negative charge moves down. The process is going as 
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separation of charge centers built up and the charge difference is great enough and 

seeks to neutralize. The streamers come up from the ground to form an ionized 

pathway to neutralize the charges. Ionization (Corona breakdown) of the air 

surrounding the charge centers is the development of Stepped Leaders and ultimate 

result is the development of lightning strokes. The total discharge of current from a 

thunder cloud is called a Lightning Flash usually the stroke consists negative charge 

flowing from cloud to earth.  More than half of all lightning flashes consist multiple 

(subsequent) strokes.  Leaders of subsequent strokes are called Dart Leader. The 

current flow called as return stroke which is about 200kA of current. Then lightning 

is transient in high current electric discharge [2]. 

There are two types of flashes they are positive ground flashes and negative ground 

flashes. In Sri Lanka Negative ground flashes are more common and positive flashes 

are not seen frequently and there are 3 to 5 % of them in Sri Lanka. 

 

Figure 3.1 Formation of Lightning Flash  
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Types of Lightning Strokes 

1. Strokes within clouds 

This is the most common type of discharge. Intra-cloud lightning occurs 

between oppositely charged areas within the same cloud. Usually the process 

takes place within the cloud and from the outside of the cloud it looks like a 

diffuse brightening which flickers. However, the flash may exit in the 

boundary of the cloud and a bright channel, similar to a cloud-to-ground 

flash, is visible from many miles. 

2. Strokes between adjacent clouds 

Lightning between adjacent clouds as the name implies, occurs between 

charged areas in two different clouds with the discharge bridging a gap of 

clear air between them.  

3. Strokes terminating at the ground 

Cloud-to-ground lightning is the most damaging and dangerous form of 

lightning. It is not the most common type, but it is the best understood type of 

lightning. These flashes may be positive or negative types. Most flashes 

originate near the lower negative charge center of the cloud and deliver a 

negative charge to earth. And positive ground flashes carry a positive charge 

to earth and it is very rare in Sri Lanka. 

 

Figure 3.2 Types of Lightning 
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3.3 Ground Flash Density (GFD) 

Occurrences of lightning in different locations were collected for a long period and 

the map is prepared to predict the probability of lightning strike. The keraunic 

number is a system to describe lightning activity in an area based upon the audible 

detection of thunder. An isokeraunic map plots contours of equal keraunic number. 

Lightning is measured by ground-flash counters as a lightning ground-flash density. 

The average number of lightning strokes per unit area per unit time (year) at a 

particular location is the ground flash density. 

 

         Figure 3.3 Isokeraunic Map of Sri Lanka [2] 
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Table 3.1 Relationship between Isokeraunik level and lightning 

flashes      per km2 per year [4] 

 

Reproduced from BS 6651 

     Table 3.2 Number of Thunder Days 

 
Galle 

2007 2008 2009 2010 2011 

January 01 09 03 09 09 

February 04 10 02 06 07 

March 07 13 13 09 15 

April 19 24 12 21 13 

May 07 09 16 14 04 

June 07 11 04 03 01 

July 03 01 05 05 02 

August 09 04 01 01 01 

September 03 02 03 03 00 

October 06 09 09 00 07 

November 13 11 14 11 15 

December 10 14 17 05 08 

Total 89 117 99 87 82 

 

Reproduced from Climate Division, Department of Meteorology, Colombo7, 05.07.2012. 

 

              Average Thunder days per Year 95  
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When no data from a lightning location system is available, various equations exist 

for the estimation of ground flash density from the number of observed thunderstorm 

days. The lightning incident can be expressed as a function of thunderstorm days or 

the days in which thunders are heard. This information is gathered to produce an 

isokeraunic map. The relationship between annual ground flash density (Ng) and 

thunderstorm days per year (Td) can be expressed as approximate Relationships as 

follows [4]. 

Ng = 0.04 Td 
1.25                    (3.1) 

Where, 

Ng - No. of Flashes in Earth per sq. km 

Td - Average Annual keraunic level (thunderstorm-days) 

 

3.4 Stroke Current Magnitude and Distribution 

Lightning stroke is the individual pulse of lightning event and the stroke current 

magnitude within a lightning flash is described in terms of the probability 

distribution. Anderson and Eriksson developed the cumulative probability 

distribution of stroke current magnitude. The current amplitude follows a 

probabilistic law given by the cumulative probability of exceeding the amplitude. 

The probability of peak current (I0) to be equal or greater than a value (I0) given can 

be calculated by equation [3]. 

PIo = e-0.02878Io                  (3.2) 

Value of I0 must be lower than 200 kA because the peak lightning current exceeding 

200 kA is not significant for this calculation. The current amplitude follows a 

probabilistic law given by the cumulative probability of exceeding the amplitude I. 
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              Figure 3.4 Probability of Current being exceeded 

 

3.5 Lightning Effects on Distribution Line 

Lightning can produce over voltages when it hits the conductor or the point in the 

vicinity of the distribution network. The Medium Voltage distribution Line exposed 

to lightning must be known to assess its lightning performance. For this purpose, the 

first step is to characterize the lightning activity in the region crossed by the line. 

This activity is characterized directly by the ground flash density Ng (number of 

flashes to ground per square kilometer per year). This parameter is measured by the 

lightning location and measurement systems, and, when local measurements are not 

available, it is evaluated either from the thunderstorm day, Td (average number of 

days per year on which thunder is heard). 

3.5.1 Direct lightning strike 

The effect of lightning strikes to the overhead distribution line in the open ground 

which are not shielded by trees or nearby objects can be determined as follows. The 

annual number of lightning strikes to overhead lines are estimated by the equation 

proposed by Eriksson [5]. 
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Number of Strikes to a Line 

Eriksson’s equation: 

N=Ng (b+28H0.6)/10        (3.3) 

Where: h is pole height 

b is structure width (negligible for distribution) 

  Ng is Ground Flash Density 

 

Figure 3.5 Pole geometry 

If the line is shielded by the trees or objects like building, Number of strikes to the 

overhead line can be expressed as follows. 

N=Ng (b+28H0.6) (1-Sf) 10-6    Stroke/km year               (3.4)  

Where,   

H    - Line height, 

b    - Horizontal span between outermost phase conductors, 

Sf   - Shielding factor  
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Ng  -  Ground flash density 

Strokes (Nx) per year for X long Distribution line is given by 

Nx   = NX                  (3.5) 

Shield wire of the tower is installed at top of the tower. Therefore it is assumed that 

all flashes hit the shield wire. This will reduce the number of flashover and can be 

determined by the Graph proposed by the IEEE guide. Then a 35% of reduction of 

direct hits to the line can be achieved by a shied wire for a tower footing resistance of 

40 ohm and 350 kV of BIL [6]. 

As an example, taking Semidale feeder for our calculation. It has no shield wire 

therefore all flashes hit the phase conductor. Hence number of flashes per year can be 

calculated by using equations (3.4) and (3.5). 

Table 3.3 Number of Direct Flashes per year of Feeders 

No Feeder Name 

Line Length Tower Line Pole Line 

Tower 

(km) 

Pole 

(km) 
Flashes/Year Flashes/Year 

1 Indigasketiya 12.7 18.345 2.138 6.850 

2 Thalgaswala 6.5 81.1 1.094 30.282 

3 Semidale 24 50.16 4.040 18.729 

4 Matara DC 29.2 2.53 4.915 0.945 

5 Ambalangoda DC 7.5 0 1.262 0.000 

6 Udugama 24.7 101.532 4.158 37.912 

7 Baddegama 12.5 5.25 2.104 1.960 

8 Old Ambalangoda 10.9 20.01 1.835 7.472 

  Total 128 278.927 21.547 104.150 

 

To estimate the lightning caused back flashover and shielding failure rate of HV lines 

following to be considered for the approximate results. 

- Distribution of lightning peak currents 

- Ground flash density Ng along the line 

- Tower or Pole geometry (position of phase/ground wires) 
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- Tower/Pole surge impedance 

- Footing resistances 

 

3.6 Potential rise at Transformer due to Direct   Strike 

 

 

Figure 3.6 Equivalent Circuit for Arrester Protecting Substation 

 

 

ZS - Surge impedance of overhead line 

LD- Inductance of down leads 

RE- Earth Impulse Resistance of Electrode 

ZA – Surge Impedance of the Arrester 
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3.6.1 Effects of arrester lead length 

Voltage drop across lead wire which is the connecting wire of the arrester to the earth 

and the HT line can be represented by using the function of inductance of lead wire 

and the rate of rise of surge current. 

V = L (di/dt)                                                                                                            (3.6) 

Where,  

V - Voltage drop across lead wire (kV) 

L - Inductance of Lead Wire (µH) 

di/dt - Rate of rise of Surge current (kA/s) 

 

3.6.2 Surge impedance of distribution line 

The distribution power line can be represented and it can be calculated as follows 

                 (3.7) 

Where, 

R is the resistance per unit length, considering the two conductors to 

be in series, 

L is the inductance per unit length, 

G is the conductance of the dielectric per unit length, 

C is the capacitance per unit length 

 j is the imaginary unit,  

w is angular frequency 

For a lossless line, R and G are both zero, so the equation for characteristic 

impedance reduces to: 

  Zs =       L                  (3.8) 

              C 
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     Zs =    ε0    Loge (d/r)   2                     (3.9) 

                µ            2 

Where, d – Conductor Spacing 

 r – Radius of conductor  

Then, 

Zs = 60 Loge(d/r) 

Zs =  312 Ω for Raccoon conductor ,spacing of 1.1m  

 

3.7 Magnitude of arrester currents 

Once the lightning flash density is known for a given area, then the incidence as a 

function of amplitude can also be predicted by using well accepted curves published 

in IEEE C62.22 [7].   

 

Figure 3.7 Arrester Discharge Current IEEE C62.22 
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If one damaging stroke is expected during the life time of the transformer, maximum 

current received within 20 years can be found from the curve. 

High frequency content is important for analyzing overvoltage and Low frequency 

content is important for calculating energy dissipated in the earthing system. 

Around Galle, experiencing 95 thunders per year means that the Ground Flash 

Density is around 6.9. By using above curves for environmentally shielded limited 

exposure lines a maximum current of 15kA is expected. 

 

                         Figure 3.8 Lighting Wave Form 

 

                 Table 3.4 Maximum Arrester Current during LF of Transformer

 

Thunder 

Days Per 

Year

GFD

Maximum Arrester 

Current which 

experience within  life 

time of transformer (kA)

5 0.2

10 0.5

20 1.1

30 1.9

40 2.8

50 3.7

60 4.7

80 6.9

100 9.2

Above 100 20 30

1.2

4

15
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Case 1. Medium Voltage Distribution Line terminated at Distribution Transformer 

  

                          Figure 3.9 Equivalent Circuit for Case 1 

If we consider the lightning strikes a phase conductor of an overhead line , Zs is the 

surge impedance of the overhead line which is about 312 Ohm for a single wire 

above the ground. I0 is the lightning current magnitude. Assuming I0 is 20kA, the 

lightning current through the arrester can be calculated. LD is the inductance of the 

down lead. Assuming a down lead inductance is 5.9 µH (i.e. 1.312µH/m and 4.5m 

length), Re is the earthing resistance for the Lightning arrester. 

ZA – Impedance of the arrester 

EA – Potential rise at HT Terminal with respect to earth 

ZL – Impedance of down leads 

Re – Impulse resistance of earth electrode 

VL (t) = L di (t)/dt = (It/1.2) L for standard lightning current taking rate of rise 

is It/1.2 kA/µs 

Then, 

ItZA +ItZL +ItRe –Zs (20-It) ≈0 
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ItZA ≈ Up ≈ 98.6 kV, Re = 10 Ω and ItZL= (It/1.2) L= (It/1.2) x 5.9 

It ≈ 18.7 kA, 

Potential rise at transformer body = ItZL + ItRe 

        = (18.7 /1.2) 5.9 +18.7 x 10, 

       = 278.9 kV, 

 

Case 2 Distribution Line tapped to the Substation 

 

Figure 3.10 Equivalent Circuit for Case 2 

Same as above, maximum current through the arrester can be calculated. 

ItZA +ItZL +ItRe –Zs (20-It)/2 ≈0 

ItZA ≈ Up ≈ 98.6 kV, Re = 10 Ω and ItZL= (It/1.2) L= (It/1.2) x 5.9 

It ≈ 17.6 kA, 

Potential rise at transformer body = ItZL +ItRe 

        = (17.6 /1.2) 5.9 +17.6 x 10, 

       = 262.5 kV, 
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Case 3 Line terminates with another Substation at a Shorter distance 

 

Figure 3.11 Equivalent Circuits for Case 3 

If we consider that line ends with another substation in parallel, then Zt is 

approximately equal to the sum of ZA, ZL and Re ,  Then Same as Case 1, maximum 

current through lightning arrester can be calculated. 

(ZA +ZL +Re) It/2 –Zs (20-It) ≈0 

ItZA/2 ≈ Up ≈ 89 kV, Re = 10 Ω and ItZL/2≈ (It/1.2) L≈ (It/2.4) x 5.9 

It ≈ 19.2 kA, 

Maximum current through the arrester is 9.6 kA 

Potential rise at transformer body ≈ (ItZL + ItRe)/2 

        ≈ [(19.2 /1.2) 5.9 +19.2 x 10]/2 

       ≈ 143.2 kV, 

When the above Cases 1, 2 and 3 were compared, it was noticed that Case 3 has a 

low probability of damage than Case 2 and Case 1 respectively for same lightning 

current. Then line arrangement at the transformer may affect the required resistance 

value for earth electrode. Earth resistance value of lightning arrester earthing may not 

be same for the all line arrangements. 


